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Introduction
Fluidized beds are widely used in pharmaceutical, chemical and food industries for particles coating, granulation and drying.
In the coating process, particles are fluidized by hot air, while solution or solvent is sprayed into the same zone and contacted with the particles by dual-fluid nozzle. The particles are wetted by the solution or solvent droplets and dried by hot air for a certain time up to form a coating film on the particle's surface. The coating film helps to mask the taste of unpalatable substances and provide sustained or extended release. As a one-step process and enclosed operation, the process can be scale-up to industry scale with low cost. Depending on the desired products and the position of the spray nozzles, several types of technologies are used, including top-spray, bottom-spray and tangential spray [1] . Among them, the bottom-spray was firstly introduced by Wurster [2] and it is one type of fluidized bed with an internal vertical tube named Wurster tube above the air distributor. The air distributor blow Wurster tube was designed to control the airflow with a higher speed in the coating zone and a lower in the annulus zone, resulting in a pressure difference between the two regions.
The pressure difference creates a pneumatic mass transport from the annulus zone to the coating zone through the gap between the Wurster tube and air distributor. According to the particles movement, the flow field inside the bed was divided into four different zones, namely coating, drying, annulus and transporting zone. In general, the bottom-spray is the best choice for particle coating as it can produce a superior film compared with other coating strategies [1, 3] .
In the fluidized bed coating process with Wurster tube, the quality of product is strongly depended on the operation parameters, i.e. fluidization air velocity, inlet air temperature, the gap height between the air distributor and tube, which should be carefully chosen to guarantee the end-point quality of product. Moreover, inappropriate setting of these parameters might lead to particle agglomeration and result in defluidization in the process. Therefore, it is necessary to monitor the complex gas-solids flows inside the bed. However, as a complicated structure, even without coating solution involved, the complex gas-solids flow behaviour is still difficult to monitor and predict [4] . The process is often operated based on "trial-and-error" method and the process is a black box [5] . Therefore, it is necessary to provide efficient measurement tools to investigate the complex flow behaviour inside the Wurster type fluidized bed and improve the process efficiency and product quality.
Currently, two methods are commonly used to monitor the coating process, i.e. single point based measurement and tomography based measurement. In the single point measurement, pressure transducer or optical probes are used to investigate the solids concentration and fluctuations. The pressure signals carry the information such as turbulence intensity, particle movement and eruption of bubbles and such information can be retrieved by signal processing both in time domain and frequency domain analysis [6] . However, pressure signals can only estimate the global information, for example solids concentration. Optical probe is another option to measure particles concentration and velocity based on the signal reflection and attenuation [7, 8] . Other single point based probes, including capacitance and piezoelectric probe, were reported for the measurement of gas-solids flow [9, 10] .
Compared with the single point based measurement, process tomography is one of the best options to monitor the gassolids flow process in a Wurster type fluidized bed due to the nature of its non-intrusive and non-invasive. Until now, several type of process tomography have been applied in the investigation of gas-solids fluidized bed, including electrical capacitance tomography (ECT) [11] [12] [13] , microwave tomography (MWT) [14] and magnetic resonance imaging (MRI) [15] .
Among the above process tomography technologies, ECT is the best choice for the application in fluidized bed coating process due to the high speed data acquisition and it can reconstruct the permittivity distribution. Normally, ECT is used in a conventional chamber with either square or circular shapes. The complicated structure of Wurster tube in a fluidized bed makes it is difficult to apply conventional sensors to measure the process. Recently, an ECT sensor with 12-4-8 external-internal electrodes was reported to investigate the gas-solids fluidized bed process with Wurster tube to monitor the solids concentration [4, 16] . However, the measurement is conducted on a single flow region either inside or outside the Wurster tube. As particles circulated between the annulus and coating zone periodically, the measurement lost the important information on the circulation and interaction between those regions. In terms of process control, it is also necessary to monitor the gas-solids flows in different zones synchronously and provide valuable information. Therefore, the main objective of this research is to develop a new ECT measurement strategy to enable the synchronous measurement of the gas-solids flows both inside and outside of the Wurster tube. To achieve such objects, an ECT sensor with combined 12-4-8 electrodes was designed and reconstructed. Several sets of experiment are conducted by varying the gap height, fluidization air velocity and initial particle mass loading. In addition, a dual planes ECT sensor with eight electrodes in each plane was applied to further investigate the flow behaviours inside the Wurster tube. The flow regimes were revealed in 2D ECT images. The standard deviation and power spectra density were applied to analyse the particle fluctuation and circulation characteristics. In addition, the solids concentration and average velocity inside the Wurster tube were investigated by the dual planes ECT sensor.
Experimental method

Test facility
The lab-scale Wurster type fluidized bed is depicted in Fig. 1 . The main frame of the fluidized bed consists of a plenum in the bottom, a conical chamber with a height of 350 mm, an expansion chamber with a height of 500 mm and a filter on the top. The conical chamber and the expansion chamber are made of Plexiglas, which enable the visual observation of the The image reconstruction is based on the sensitivity maps S and the measured capacitances. The sensitivity maps were obtained by COMSOL simulation. The element size and exciting sequences in the simulation were the same with the measurement. In the simulation, the relative permittivity inside chamber was fixed to 1.0 and the permittivity of the chamber wall was set to 3.0. The sensitivity maps are calculated by
where Sij(P) is the sensitivity value between the i th and j th electrodes over one pixel area σp , φi(x, y) is the potential distribution when the electrode i is excited with a voltage of Vi.
The Landweber iteration [17] is used to reconstruct the ECT image and the algorithm is written as
where α is the step length, λ is the relaxation factor and n is the iteration number, G is the normalized grey level, which donates the normalized permittivity distribution in the cross section area. The value of step length are chosen based on the a optimum method [18] . However, there are no general rules for choosing the best value for the relaxation factor. It is believed that the optimum value depends on a number of factors, e.g. the nature of the problem, the number of grid points, the grid spacing, and the iteration procedure used [19] . In this research, the value of λ is set to zero. CN in equation (2) is the normalized capacitance vector. The normalized capacitance is obtained by
where CH and CL are the low and high calibration capacitance respectively, k is the element number of capacitance vectors.
The average solids concentration in a specific area of cross section is linearly related to the grey level of ECT image by
where the coefficient ϑ is the packing density of the solids, and it is defined as the pure solids volume in the unit bulk volume of particle assemblage. The value of ϑ is estimated to be 0.62 when the diameter ratio of the vessel to the particle is higher than 10 [20] . a is the area of pixel, N is the total pixels in the cross-sectional area.
Experiment material and setting
Sucrose pellets are used in this research and the pellets properties are given in Table 1 . The manipulated parameters of the experiment include the fluidization air velocity (uf), the gap height between the Wurster tube and air distributor (hgap) and the loading mass weight of pellets (mbed). Table 2 gives all the process parameters for nine different cases. The fluidization air velocity was adjusted by changing the frequency of the blower, the fluidization air velocity ranged from 0.98 ~ 3.50 m/s were applied for each case. For case 2, 5 and 8, experiments were conducted by ECT sensor with two structures. In this research, all tests were "cold" flow without spraying coating solvent into the bed. Mass loading (kg) 2~4 
Static tests for 12-4-8 ECT sensor
To validate the proposed ECT sensor and evaluate the image reconstruction quality, four static tests were carried out with the same test materials as the dynamic measurements. The theoretical distributions and reconstructed images are given in Fig. 3 .
Theoretical distribution
Image reconstruction
Fig. 3 Theoretical distributions and reconstructed images
To assess the correspondence between the theoretical distribution and the reconstructed images, two parameters are used:
(1) correlation coefficient and (2) image error. The definitions of the two parameters are as follows.
Correlation coefficient:
Image error:
where and G are the assumed and reconstructed permittivity distributions, respectively. Table 3 summarizes the correlation coefficient and image error for four static tests. It can be seen that the proposed ECT sensors can reconstruct the assumed permittivity distribution with relatively low image errors. More information about the validation of ECT model for gas-solids flow measurement can be found in references [21] . The dual planes ECT sensor consists of two planes and the sensor structure of each plane is same as the 8 electrodes in above 12-4-8 electrodes ECT
sensor. The validation of the eight electrodes sensor can be found in reference [22] . Ĝ Coating zone from annular to core flow. In the third stage, the bed is in fluidization and the pressure nearly keeps constant. In this research, the minimum fluidization velocity is determined when solids concentration in the annulus zone starts to flow.
However, the pressure in the bed does not change obviously when this fluidization happens. One possible reason is that the pressure drop across the annulus zone was balanced by the pressure inside the Wurster tube. Fig. 7 shows the umf of different cases based on the above analysis. In general, the value of umf decreases with the increase in gap height, and the value of umf for initial mass loading of 2 kg is lower than that for the cases of 3 kg and 4 kg. Fig. 11 gives the standard deviation (SD) of solids concentration both in the coating and annulus zone for different cases..
As can be seen, the value of SD for the annulus zone increases with the increase of fluidization air velocity, the main reason is that with the fluidization of annulus zone pellets, bubbles are generated and enhance the local concentration fluctuation.
For the cases of hgap= 5 mm and 10 mm, the value of SD in the coating zone decrease sharply with the velocity range of 0~1.5 m/s, and after that, SD keeps stable in a low level. However, for the case of hgap = 20 mm, the SD values in the coating zone are obviously high and it has a similar tendency with that in the annulus zone. It should be noted that the flow regime in the coating zone transferred to core flow (see Fig. 4 ) for the cases of hgap = 5 mm and 10 mm and transferred to dispersed flow for the case of hgap = 20 mm. It indicates that core flow is one type of steady flow which can stabilize the pellet fluctuation. In terms of process optimization, the cases of hgap= 5 mm and 10 mm are better because the gas-solids flow keeps steady in the coating zone even with a high fluidization air velocity. Further, the fluidization air velocity should not be very high, to avoid bubble generation in the annulus zone and interrupt the downwards particle flow [25] . 
Solids concentration inside the Wurster tube by dual planes ECT sensor
It is important to study the gas-solids flow inside the Wurster tube, as pellets are wetted by solution droplets in this region. Fig. 12 gives the reconstructed images by the dual planes ECT sensor as shown in Fig. 2 (c) . As can be seen from those images, for the fluidization air velocity of 0.98 m/s, the gas-solids flow is still a dense phase flow inside the Wurster tube.
With the increase of fluidization air velocity to 1.54 m/s, core flow can be seen for both planes with hgap = 10mm. For the case of hgap= 20 mm, the flow in plane A turns to dispersed flow while the flow in plane B turns to unsteady core flow. By associating ECT images in Fig. 12 with ECT images obtained by 12-4-8 ECT sensor in Fig. 4 , it can be concluded that the 
Solids velocity measurement inside the Wurster tube
The solids velocity in fluidized bed is normally measured by the particle imaging [26] or particle tracking [27] methods.
In this research, the solids velocity inside Wurster tube is measured by the cross-correlation method [28] . This method based on the measurement of two sensors placed along the solids flow direction with a short distance, and the sensors sample synchronously. When solids flow by, the "tagging" signals generated by flow turbulence or suspended moving solids are recorded by the sensors one after another. The signal structures recorded by different sensors are similar due to the short distance between them, and this method also requires a high data acquisition speed for both sensors. The delay time between the two signals is estimated using cross-correlation coefficient, and then the flow velocity between the two sensors can be obtained based on the delay time and the distance between sensors. The measured velocity is the average velocity within both temporal and spatial regions. By this method, the capacitance signals from multi-plane structured ECT sensor have been successfully applied to measure the bubble rising velocity or solids velocity in a fluidized bed [29] [30] [31] .
The length of electrodes is relative large, however, when solids are passing though a plan (from the bottom to the top of an electrode), the capacitance value also changes (the solids flow is not uniform), hence the unique "tagging" signals can also be recorded by the sensor.
For the measured time-series capacitance signals CA and CB from plane A and B, the cross-correlation coefficient is calculated by [32] 
where N is the sample number, and it is 900, j is the delay frame number. In the Eq. (7), the capacitances used for calculation include adjacent electrode pairs (E1-E2 from plane A and E9-E10 from plane B) and opposite electrode pairs (E1-E5 from plane A and E9-E13 from plane B). If jm is the delay frames corresponds to the maximum value of RAB, then the delay time between the two capacitance signals can be calculated by
where f is the data acquisition speed of ECT sensor, and it is 185 Hz for the dual plane structure. The solids velocity inside
Wurster tube is then calculated by
where LD is the distance between plane A and B, and it is 7 cm in this research. However, the results from both CFD simulation [33] and experimental measurement [26] show the scale of solids velocity possibly lies in 1~3.5 m/s, which agree well with present measurements. In addition, the temporal resolution of ECT sensor might be improved with high data acquisition speed ECT system [34] . Power spectral density analysis of solids concentration shows that the coating and annulus zone share same fluctuation frequency components especially after the pellets are fluidized in the annulus zone. Based on the standard deviation of solids concentration, it indicates that low gap height cases give the good flow stability in the coating zone, which might facilitate the coating uniformity.
The above result indicates that ECT senor serves as a powerful tool to monitor the gas-solids flow in a Wurster type fluidized bed. However, the measurement conducted in this research is only focused the "cold" flow without spraying coating solution and future works will focus on the investigation of experiments with solution droplets effect on the process.
